We present a theoretical study on the electrical generation of terahertz (THz) electromagnetic pulses by hot-electrons in AlGaAs/GaAs-based two-dimensional semiconductor systems (2DSSs). The intensity of THz blackbody radiation has been calculated as a function of photon frequency and electron temperature. We consider that the electrons are heated by pulsed electric fields and that the hot-electron interactions with electromagnetic fields are mediated by electron-phonon scattering.
Introduction
In recent years, the generation, propagation and detection of terahertz (THz) electromagnetic radiations has become one of the most important research fields in both optoelectronics and semiconductor physics, because of their significant impact on far-infrared (FIR) spectroscopy and on the characterisation of low-dimensional semiconductor systems (LDSSs) . Under the action of electric and/or magnetic fields, the energy transfer in a LDSS during the electronic transitions, due to scattering, etc. will reach the meV scale. The processes of the electronic transition may be accompanied by the emission and/or absorption of the THz photons. Optical generation of THz electromagnetic radiations from AlGaAs/GaAs-based two-dimensional semiconductor systems (2DSSs) has been studied rather extensively in recent years . In some practical device applications, it is desirable to be able to generate electrically the THz electromagnetic pulses. It has been realised that using AlGaAs/GaAs-based 2DSSs, the THz radiations can be generated electrically via mechanisms such as blackbody radiation . However, little theoretical work regarding electromagnetic generation by hot-electrons in 2DSSs has been reported. The motivation of the present study is to attempt a contribution in this direction.
Theoretical model
The electrons in a 2DSS can be heated by, e.g. a pulsed electric field and a two-dimensional electron gas (2DEG) at a temperature T e is expected to emit blackbody radiation. From the theoretical point of view, the 0749-6036/97/050025 + 05 $25.00/0 sm960250 c 1997 Academic Press Limited most important quantity that describes the electromagnetic emission detected experimentally is the intensity of radiation from a device system in the frequency range ω to ω + dω. This is connected to the electronenergy-loss rate caused by photon emission and absorption. Using the Boltzmann equation approach, the average energy-loss rate, due to electron interactions with electromagnetic fields in a 2DEG, is given by .
[13]
.
where k = (k x , k y ) is the electron wavevector, n is the index of the nth electronic subband, f n (k) is the distribution function for electrons in a state |k, n , C is a normalization factor connected to the areal electron density n e while E n (k) =h 2 k 2 /2m * + ε n is the energy spectrum of a 2DEG with m * being the effective electron mass and ε n the electronic subband energy. Further, the probability to scatter an electron from a state |k, n to a state |k , n is given by .
[11]
where the upper (lower) case refers to absorption (emission) of a photon with energyhω, Q = (q x , q y , q z ) and |u . One therefore must take into account depletion of the initial state |k, n . Doing this results in the famous Breit-Wigner distribution of energy .
[12]
Here λ n (k) is the scattering rate for the initial state induced by electron interactions with impurities, phonons, etc. We note that in contrast to most published papers .
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where λ n (k) is taken to be a constant or dependent only on n, inclusion for the effect of depletion of electronic states requires a scattering factor depending on the electronic state |k, n .
After (i) following the usual treatment for electron-photon interactions .
. using a dipole approximation; (ii) employing a Fermi-Dirac type of statistical energy distribution function as an electron distribution through
Here E F the Fermi energy while T e the electron temperature; and (iii) noting that electron-phonon scattering in a 2DSS are isotropic . [15] . , then λ n (k) = λ n (E) where E =h 2 k 2 /2m * , the intensity of electromagnetic radiation per unit time for a 2DSS is then obtained from
Here N (ω) = (e¯h ω/k B T − 1) −1 is the photon occupation number and
with u z the component of the polarization vector in the z-direction (growth direction), V the volume of the sample device,
From eqn (4), we see that: (i) the electromagnetic wave is generated mainly through inter-subband scattering processes accompanied by electronic transitions around the Fermi level; and (ii) the polarization of the electromagnetic wave generated is along the z-direction.
For a practical calculation, below, we study blackbody radiation by hot-electrons in AlGaAs-GaAs-AlGaAs single quantum wells (SQWs) in which we have Here L is the width of the well layer. It implies that the radiation takes place only when n + n = 2N + 1 (N = 1, 2, . . .) is satisfied. When the photon emission occurs in the hot-electron regime, the electron interaction with longitudinal-optic (LO) phonons is the principal channel to scatter the electrons. The scattering rate for electron-LO-phonon interaction in a SQW has been documented by Ref.
. [15] . .
Results and discussion
The intensity of electromagnetic radiation from a SQW at a fixed lattice temperature increases rapidly with electron temperature (see Fig. 1 ). At low excitation levels (T e < 50 K), the radiation has a relatively weak dependence on the frequency. At relatively high excitations (T e > 50 K), a peak in the radiation emission can be observed around THz frequencies ω p = (ε 2 −ε 1 )/h. It has been implied by eqn (6) that the electromagnetic wave is mainly generated between the subbands n = 1 and 2. Increasing the electron density n e will result in an increase in the background radiation (see Fig. 2 ). The results shown in Fig. 3 indicate that varying the lattice temperature will lead to a variation of the radiation generation in the low-frequency regime (ω < ω p ), and the high-frequency radiation (ω > ω p ) depends weakly on the lattice temperature. This implies that a 2DSS at temperature T e will emit high-frequency radiation of equivalent temperature T . The frequency dependence of electromagnetic radiation from SQWs with different widths of the well layer is shown in Fig. 4 . The peak in the radiation spectrum shifts to a higher frequency for a smaller quantum well width because ε n ∼ L −2 increases with decreasing L for a SQW. The intensity of radiation around ω p decreases with L, which implies that a stronger electromagnetic generation can be observed in the devices with relatively larger well widths. We see that the frequency-tunable THz electromagnetic pulses can be generated using the structure of AlGaAs-GaAs-AlGaAs SQWs with different widths of the quantum well.
Conclusions
The theoretical results presented in this paper have demonstrated that AlGaAs/GaAs-based two-dimensional semiconductor systems can be used as devices for generating THz pulses by, e.g. electrically heating the electrons in the structure. In the hot-electron regime, the rate of electron energy relaxation via interactions with impurities, phonons, etc. is also on the THz scale. Thus electronic transitions may be accompanied by processes of emission and absorption of electromagnetic radiation in the THz frequency regime. Blackbody radiations from a 2DSS is mainly generated through the inter-subband scattering channels. See, e.g., S. Villa, A. L. Lacaita, and A. Pacelli, Phys. Rev. B 52, 10993 (1995) .
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